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Abstract. This paper details the enhancements in the dielectric and piezoelectric properties of a low-temperature screen-
printable piezoelectric nano-composite film on flexible plastic and textile substrates. These enhancements involved 
adding silver nano particles to the nano-composite material and using an additional cold isostatic pressing (CIP) post-
processing procedure. These developments have resulted in a 18% increase in the free-standing piezoelectric charge 
coefficient d33 to a value of 98 pC/N. The increase in the dielectric constant of the piezoelectric film has, however, 
resulted in a decrease in the peak output voltage of the composite film. The potential for this material to be used to 
harvest mechanical energy from a variety of textiles under compressive and bending forces has been evaluated  
theoretically and experimentally. The maximum energy density of the enhanced piezoelectric material under 800 N 
compressive force was found to be 34 J/m3 on a Kermel textile. The maximum energy density of the enhanced 
piezoelectric material under bending was found to be 14.3 J/m3 on a cotton textile. These results agree very favourably 
with the theoretical predictions. For a 10 cm x 10 cm piezoelectric element 100 m thick this equates to 38 J and 14.3 
J of energy generated per mechanical action respectively which is a potentially useful amo unt of energy.   
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1. Introduction 
 
Electronic textiles (e-textiles) are a form of wearable technology that has the potential to revolutionise the 
wearable technology sector. E-textile solutions face the same challenge as with all wearable devices, 
namely that of supplying electrical power. At present the only solution is to use batteries and whilst this 
suits rigid wearable devices, they are less compatible with flexible textiles and the requirement to 
periodically charge the battery is an ongoing inconvenience. Energy harvesting potentially provides an 
alternative power source that could replace or augment a battery solution. This paper explores the potential 
of a flexible piezoelectric film screen printed onto a textile for harvesting mechanical energy from the 
textile and converting it into electrical energy [1-3]. One application of such an approach would be to 
harvest the kinetic energy present in human movement that would cause clothing fabric to flex and 
compress. The compressive and bending forces would be transferred to the piezoelectric film enabling the 
mechanical to electrical energy transduction process to occur. Piezoelectric transduction is a very widely 
used method for harvesting mechanical energy and many example devices have been published including 
cantilever based structures with bonded bulk [4] and screen printed [5] lead zirconate titanate (PZT). More 
recently, nano-scale materials have been explored such as ZnO nanowires [6] and BaTiO3 nanofibres 
aligned within a flexible polydimethylsiloxane (PDMS) matrix [7]. 
To be used in such an application, the piezoelectric materials needs to be flexible thereby minimising 
its effect on the feel of the textile and the user’s comfort. The common piezoelectric materials, such as 
PZT ceramics, possess excellent dielectric and piezoelectric properties but are physically hard and brittle 
and are inherently unsuitable for such an application. Alternative polymer piezoelectric materials, such as 
polyvinylidenefluride (PVDF) and associated co-polymers, are flexible and can be cured at low 
temperature, which is suitable for use with fabrics. PVDF yarns have also been woven into a textile [8] 
but the typical piezoelectric coefficients e.g. d33 are an order of magnitude lower than ceramic PZT being 
in the range of 13 to 38 pC/N [9]. This results in lower energy conversion efficiency and limits the power 
output of the energy harvester. 
This paper investigates the use of a screen printable piezoelectric composite to form an active film 
on the surface of the textile for energy harvesting. Formulated correctly, it offers the potential for improved 
piezoelectric properties compared with PVDF as well as a suitable degree of flexibility provided by the 
polymer binder. The most common and most straightforward to formulate piezoelectric composite is the 
0-3 type which contains piezoelectric ceramic powder dispersed in a polymer or epoxy binder [10, 11]. 
The 0-3 type piezoelectric composites can be deposited on to a substrate using a number of techniques, 
but this work used screen-printing since it is a straightforward and scalable process that is widely used in 
the textile industry.  
The piezoelectric response of a piezoelectric composite is typically affected by a reduction in the 
effective electric field (Eeff) during the poling process [12]. This is caused by the lower dielectric constant 
and higher resistivity of the polymer phase of the composite compared to the ceramic phase, which traps 
the applied electric field within the polymer matrix, and the Eeff applied across the piezoelectric particle 
is reduced. Eeff can also be reduced by air voids within the composite introduced during mixing of the 
composite, or during the curing process when the solvent is evaporated. These air voids also reduce the 
overall dielectric constant and increase the resistivity of the film, consequently reducing the Eeff on the 
piezoelectric particles. 
To minimize the reduction in Eeff, in this work we report on an investigation into the addition of 
silver nano-particles into the polymer matrix. Adding conductive particles into the composite can 
significantly lower the resistivity of the polymer phase [13], thus increasing the Eeff on the piezoelectric 
particles. Previous studies have investigated a number of additives in piezoelectric composite, such as 
carbon nanotubes [14], micron-sized Ag particles [15], and Ag nanowires [16]. This work used nano-sized 
Ag particles (average size of 100 nm) in the composite.  
This paper builds upon previously published investigations into the formulation of a low temperature 
screen printable piezoelectric composite carried out at Southampton. This work takes the previously best 
performing formulation [17] and reports on the effect of adding different amounts of Ag nano particles on 
the film properties. The work also uses cold isostatic press (CIP) post-processing, which was previously 
found to reduce the air voids in the composite [18]. The improved piezoelectric composite ink has been 
printed on 4 types of flexible substrates (Kapton, cotton, polyester cotton and Kermel) and the energy 
harvesting potential of this approach has been evaluated both theoretically and experimentally. 
Characterizing equations and experiments are presented that apply to the printed films under compressive 
and bending forces. The influence of the mechanical properties of the flexible substrates on the energy 
harvesting performance are also explored since this has previously been demonstrated to have an effect 
on the measured d33 or the printed films [19]. 
 
2. Materials and Methods 
2.1 Formulating piezoelectric composite paste 
In this work, a mixture of piezoelectric ceramic particles and polymeric binder was used to make the 
piezoelectric composite paste. The polymeric binder was formed by mixing a thermoplastic polymer with 
γ-butyrolactone solvent to produce a thixotropic paste. Lead zircontate titanante (PZT) piezoelectric 
ceramic powder, type PZT-5H was used as the active material in the composite. The ceramic powder was 
a blend of PZT particles with an average particle size of 2 µm (Pz29, Ferroperm) and 0.8 µm (S-55, 
Sunnytec) with weight ratio of 4:1. This blend PZT powder sizes has been previously identified as a 
suitable combination form maximizing the density of the piezoelectric particles with the smaller particles 
filling the voids between the larger particles [17]. The PZT powder mixture was blended with the 
polymeric binder in a weight ratio of 2.57:1, making a printable paste. 
The Ag nanoparticles with an average particle size of 100 nm (Sigma Aldrich) were added to the paste. 
The dielectric and piezoelectric properties of the printable paste were investigated for different Ag weight 
percentages of 0.05, 0.1, 0.2, 0.5, 1 and 2, respectively. The mixture was first hand mixed using spatula 
and then placed in a DAC 150 SpeedMixer (Synergy Device Limited) for 2 minutes. The mixtures were 
finally processed in a triple-roll mill (Exact 501) to further improve the PZT and Ag powder dispersion 
and to minimize trapped air in the dispersion. A schematic of the formulation process is shown in figure 
1(a). 
 
 
Figure 1: Schematic showing (a) the mixing process of the PZT-Ag-polymer composite; (b) the screen printing process; 
(c) the printed capacitive structure on woven-fabric substrate; (d) the CIP process. 
 
2.2 Screen-printing and curing the piezoelectric paste  
The piezoelectric material and other associated layers were screen-printed using a DEK 248 semi-
automatic screen-printer (DEK Printing Machines Ltd) and stainless steel mesh screens (see figure 1(b)). 
The piezoelectric composite was printed in a standard parallel plate capacitor structure with the 
piezoelectric film sandwiched between two electrodes as shown in figure 1(c). This capacitor structure 
enables contact poling of the piezoelectric material and straightforward connection to the electrodes for 
the measurement of d33 and in actual use. The screen-printing process was carried out on. In the case of 
textiles, it is often necessary to first print a polymer interface layer on the surface of the fabric before 
printing the other layers. This interface layer reduces the surface roughness and negates any surface 
pilosity (protruding fibres) that would otherwise prevent the printing of consistent working samples [20]. 
The interface layer is a UV curable polyurethane based paste (Fabink-UV-IF1, Smart Fabric Inks). The 
remaining films were all thermally cured in a box over, with the curing conditions of each printed layer 
being shown in figure 1(c). The electrodes were printed using silver polymer ink from DuPont (DuPont 
5000). The dimensions of the printed samples used in this study were 10 x 10 mm by approximately 100 
m thick.  
 
2.3 Poling process 
Direct contact poling (DCP) was used to polarize the piezoelectric active particles in the composite. An 
external electric field (E, MV/m) was applied for a specific period of time (t, min) with the sample held 
at an elevated temperature (T, °C). E is defined by the equation E = V/d, where V and d are the applied 
voltage and the thickness of the composite film, respectively. Throughout this study, the external electric 
field used was 3.7 MV/m and the poling time was 6 minutes.  The poling temperature varied between 70 
and 90 oC depending upon the formulation and the exact values T for the different formulations and the 
influence of the additives and post processes are discussed in the text below. 
 
2.4 Cold isostatic pressing (CIP) 
A commercial CIP machine (CIP-15, MTI Corporation USA) was used to eliminate the air voids in the 
printed piezoelectric film. As schematically shown in figure 1(d), the vertical applied force on the die 
pressurizes the hydraulic fluid inside the vessel, resulting in a homogenous pressure that is applied to the 
sample. This increases the density of the composite phases (PZT, Ag particles and polymer) and reduces 
the air voids. An Scanning Electron Microscope (SEM) image of the top of the cured and pressed 
piezoelectric film is shown in figure 2.  
 
 
Figure 2: SEM image of the cured and pressed piezoelectric layer 
 
2.5 Flexible substrates 
The paste was screen-printed on two types of substrates, Kapton polyimide 300HN (75 µm, KATCO) and 
woven-fabrics. The Kapton substrate is mainly used as a reference for investigating the dielectric and 
piezoelectric properties of the composite. The piezoelectric composite on woven-fabric substrates is the 
main focus in this study. The outputs (voltage, power and energy) of the printed composite on the woven-
fabric substrates were measured under compressive and bending forces. The investigated woven-fabric 
substrates were polyester-cotton (65% polyester), cotton, and polyamide-imide (Kermel). Table 1 lists the 
Young’s modules (Yf) and Poisson ratio (v) of the fabrics, interface layer and deposited films. The 
effective Young’s modulus and Poisson ratio of each composite were calculated using the following 
equations. 
𝑌𝑠𝑢𝑏 = 𝑌𝑓 . 𝑉𝑓 + 𝑌𝑖𝑛𝑡. 𝑉𝑖𝑛𝑡 (1) 
𝜐𝑠𝑢𝑏 = 𝜐𝑓 . 𝑉𝑓 + 𝜐𝑖𝑛𝑡. 𝑉𝑖𝑛𝑡 (2) 
Where, Ysub, υsub, Yf, υf, Yint, and υint are the Young’s modulus and Poisson ratio of the substrate, fabrics 
and interface layer, respectively. Since the volume fraction of the interface layer for cotton, polyester-
cotton and Kermel substrates are 0.7, 0.7 and 0.4 respectively, the Young’s modulus and Poisson ratio of 
the substrates were estimated and are given in Table 2. The values in Table 2 were used to calculate the 
theoretical voltage output of the composite in the following section.   
 
Table 1: Mechanical properties of substrates and the piezoelectric film 
Material Direction Young’s modulus 
(MPa) 
Average Poisson ratio 
ν 
Cotton Warp 505 0.5 
Weft 415  
Polyester-cotton Warp 534 0.42 
Weft 356  
Kermel Warp 247 0.38 
Weft 244  
Interface layer - 100 0.47 
Kapton - 2500 0.34 
Piezoelectric film - 131 0.4 
 
Table 2: Mechanical properties of the substrates (woven-fabric plus interface) 
 
Woven-fabric plus 
interface layer 
Y 
(MPa) 
υ 
Cotton 352 0.491 
Polyester-cotton 342 0.435 
Kermel 158 0.434 
 
 
3. Analytical modelling of energy output 
The piezoelectric composite is modelled as a unimorph piezo-beam under compressive and bending 
conditions. Due to the mechanical behaviour of fabrics under these loads, the elastic properties of the 
fabrics were characterized based on [21] to improve the correlation between the experimental and 
theoretical results. The energy outputs of the composite due to compressive and bending stresses are 
characterised as follows: 
 
(a) Compressive case 
The voltage ouput of the piezoelectric composite on woven-fabric substartes can be predicted using 
analytical modelling. The following three constitutive equations describe the mechanical and electrical 
behaviour of the piezoelectric element and these use the standard subscript notation to describe the vector 
directions.  
 
𝑆1 = 𝑠11
𝐸 𝑇1 + 𝑠12
𝐸 𝑇3 + 𝑑31𝐸3 (3) 
𝑆3 = 𝑠13
𝐸 (𝑇1 + 𝑇2) + 𝑠33
𝐸 𝑇3 + 𝑑33𝐸3 (4) 
𝐷3 = 𝜀3
𝑇𝐸3 + 𝑑31(𝑇1 + 𝑇2) + 𝑑33𝑇3 (5) 
  
where, S, T, E and D are the strain, stress (N/m2), electric field (MV/m), and electric displacement (C/m2), 
respectively. In addition, s, d and ɛ represent the mechanical compliance (m2/N), piezoelectric coefficient 
(C/N) and the dielectric constant, respectively. 
 
When placed on an isotropic substrate (the fabric plus interface layer), the lateral strain is the same in each 
direction S1=S2 and the stress T= T1=T2, equation (5) can be re-written as 
 
𝐷3 = 𝜀3
𝑇𝐸3 + 2𝑑31𝑇 + 𝑑33𝑇3 (6) 
Also, at open circuit conditions: D3=0, therefore equation (6) can be derived into 
 
−𝜀3
𝑇𝐸3 = 2𝑑31𝑇 + 𝑑33𝑇3 (7) 
Thus, the value of S1 and S2 must be determined as a function of T3 using Hooke’s law 
 
𝑆1 = 𝑆2 = (−
𝜈𝑠𝑢𝑏
𝑌𝑠𝑢𝑏
) 𝑇3 
(8) 
Relating the strain and the ratio of the generated charge to the applied force and combining with equations 
(3) (4) and (8) gives 
 
− (
𝜈𝑠𝑢𝑏
𝑌𝑠𝑢𝑏
) 𝑇3 = (𝑠11
𝐸 + 𝑠12
𝐸 )𝑇 + 𝑠13
𝐸 𝑇3 + 𝑑31𝐸3 
(9) 
 
To simplify the equation, we express 𝐴 = 𝑠11
𝐸 + 𝑠12
𝐸  and 𝐵 =
𝜈𝑠𝑢𝑏
𝑌𝑠𝑢𝑏
, equation (7) becomes 
 
𝑇 =
−𝑠13
𝐸 𝑇3 − 𝑑31𝐸3 − 𝐵𝑇3
𝐴
 
(10) 
Substituting (10) into (7) 
 
𝐸3 =
𝐴𝑑33 − 2𝑑31𝑠13
𝐸 − 2𝑑31𝐵
2𝑑31
2 − 𝐴𝜀3
𝑇 𝑇3 
(11) 
then, 
 
𝑉𝑜𝑐
𝑡𝑝
=
𝐴𝑑33 − 2𝑑31𝑠13
𝐸 − 2𝑑31𝐵
2𝑑31
2 − 𝐴𝜀3
𝑇 𝑇3 
(12) 
then, 
𝑉𝑜𝑐
=
(𝑠11
𝐸 + 𝑠12
𝐸 )𝑑33 − 2𝑑31𝑠13
𝐸 − 2𝑑31 (
𝜈𝑠𝑢𝑏
𝑌𝑠𝑢𝑏
)
2𝑑31
2 − (𝑠11
𝐸 + 𝑠12
𝐸 )𝜀3
𝑇 . 𝑡𝑝. 𝑇3 
 
(13) 
From Hooke’s law, assuming the piezoelectric composite film is isotropic, the relationship between d33 
and d31 is  
 
𝑑31 = 𝑣𝑝. 𝑑33 (14) 
By substituting equation (14) in equation (13), Equation (15) can be derived. 
 
𝑉𝑜𝑐 =
(𝑠11
𝐸 + 𝑠12
𝐸 ). 𝑑33 − 2𝑣𝑝. 𝑑33. 𝑠13
𝐸 − 2𝑣𝑝. 𝑑33. (
𝜈𝑠𝑢𝑏
𝑌𝑠𝑢𝑏
)
2. (𝑣𝑝 . 𝑑33)
2
− (𝑠11
𝐸 + 𝑠12
𝐸 ). 𝜀3
𝑇
. 𝑡𝑝. 𝑇3 
 
(15) 
 
Equation (15) includes the mechanical factor from the substrates to calculate the output voltage. It 
helps to predict the output voltage of piezoelectric films on different substrates. This mechanical factor is 
expressed as (
𝝂𝒔𝒖𝒃
𝒀𝒔𝒖𝒃
) in Equation (15). The type of the force applied (bending or compressive) can be 
represented by the stress T3 in the equation. When under compressive force, the stress component T3 can 
be calculated by T3=F3/Ae, where F3 is the force applied in 3-direction and Ae is the effective area.  
 
(b) Bending case 
In bending, however, T3 becomes the bending stress on the piezoelectric layer. Two different models that 
calculate the bending stress on the piezoelectric films were compared in this work. These are based on the 
Stoney’s equation [22] and classical beam theory (CBT) [21]. 
Stoney’s equation for calculating stress on a film is shown in Equation (16). It assumes that the 
thickness of the substrates and piezoelectric layer are negligibly small when compared to the bending 
radius of the composite structure [22]. 
 
𝜎𝑓 =  
𝑌𝑠𝑢𝑏 ℎ𝑠𝑢𝑏
2 𝑟
6ℎ𝑓(1 − 𝜐𝑠𝑢𝑏)
 
(16) 
where 𝜎𝑓  and ℎ𝑓  are the stress and thickness of the film, respectively. In this model, 𝜎𝑓 = 𝑇3 , thus 
Equation (16) can be substituted into Equation (15) to calculate the output voltage of the piezoelectric film 
in bending. 
The bending stress on any layer of a multilayer composite based on CBT is given by [21]: 
 
𝑇3 = 𝜎𝑖 = 𝑌𝑖𝜖𝑖 =  
𝑌𝑖 (∑ ℎ𝑗
𝑖
𝑗=1 − ?̅?)
𝑟
 
(17) 
where 𝜎𝑖, 𝑌𝑖, 𝜖𝑖 and ℎ𝑖 are the bending stress, elastic modulus, strain and thickness of the i
th layer in the 
composite, while  ?̅? and 𝑟 are the neutral axis and the bending radius of the composite, respectively. 
The neutral axis of the multilayer piezoelectric beam of uniform width is obtained using [23]: 
 
?̅? =  
∑ 𝑌𝑖ℎ𝑖(2 ∑ ℎ𝑗 −  ℎ𝑖
𝑖
𝑗=1 )
𝑛
𝑖=1
2 ∑ 𝑌𝑖ℎ𝑖
𝑛
𝑖=1
 
(18) 
In fabric-substrated multilayer composites, the different elastic modulus of the fabric substrates in 
tension and compression is critical to determining the value of ?̅?. Hence, in bending, the fabric substrate 
can be treated as a two-layer material with one layer under tensile force, and the other layer under 
compressive force. These two layers with thicknesses h1 and h2 are separated by the neutral axis. They are 
characterized by the compressive and tensile moduli, YC and YT of the fabric, respectively. The value of 
h1 and h2 are defined as follows [19]: 
 
ℎ1 =  ?̅?𝑓𝑎𝑏𝑟𝑖𝑐 
ℎ2 =  ℎ𝑓𝑎𝑏𝑟𝑖𝑐 −   ?̅?𝑓𝑎𝑏𝑟𝑖𝑐 
(19) 
where, ?̅?𝑓𝑎𝑏𝑟𝑖𝑐 and ℎ𝑓𝑎𝑏𝑟𝑖𝑐 are the neutral axis and thickness of the fabric. Hence, in the model using CBT, 
the value of T3 in Equation (17) can be obtained using the neutral axis in Equation (18), and then used to 
calculate the output voltage of the piezoelectric film with Equation (15). 
 
 
4. Results and Discussion 
The results are divided into two parts. The first part relates to the improvements made to the piezoelectric 
composite material whilst the second part reports the evaluation of the energy harvesting potential from 
textiles using the improved piezoelectric material. 
 
4.1 Dielectric and piezoelectric properties of the PZT-Ag-polymer nano-composite 
Piezoelectric composites with Ag wt% of 0%, 0.05%, 0.1%, 0.2%, 0.5% and 1% were investigated. 
These were screen-printed on to Kapton substrates and cured as described previously. Their dielectric 
properties are shown in figure 3(a). The results show that the relative dielectric constant increases and 
then decreases with increasing % weight content of Ag nano-particles with 0.2 wt% giving a dielectric 
constant of 171. A similar trend to the relative dielectric constant is observed in the d33, as shown in figure 
3(b). The d33 of the composite reaches a maximum value of 43.5 pC/N at 0.2 wt% of Ag in the composite, 
showing an 8% increase compared to the composite without Ag. The d33 was found to decrease beyond 
0.2 wt%. It should be noted that the poling temperature used varies with Ag wt%, being 90oC for 0%, 
80oC for 0.05 and 0.1% and 75oC for 0.2 and 0.5%. The increasing Ag content was found to increase the 
risk of short-circuiting during poling, which can be countered by reducing the poling temperature.  
  
(a) (b) 
Figure 3 (a) Relative dielectric constant of the composite measured at 1 Hz, with increasing wt% of Ag nano-particles and (b) 
d33 value of the PZT-Ag-polymer composite with different Ag wt% (poling temperature reduces with increasing %Ag) 
Different substrates have a different effect on the measured d33 values due to the clamping effect 
caused by the variation in mechanical boundary conditions of the substrates, which has been discussed in 
our previous work [19]. Taking the relative mechanical properties of the Kapton and polyester-cotton 
substrates into account and applying the theory presented in [19] then the 0.2 wt% Ag composite printed 
on a polyester-cotton substrate would exhibit a freestanding d33 value of 76 pC/N.  
 
4.2 Effect of CIP pressure on the dielectric, resistive and piezoelectric properties 
Composite samples on Kapton with 0.2 wt% Ag content were next processed at different CIP pressures 
and the relative dielectric constant, DC resistivity and piezoelectric properties of the samples measured. 
For each CIP pressure, three samples were tested. The dielectric constant was found to increase with 
110
120
130
140
150
160
170
180
0 0.05 0.1 0.2 0.5 1
R
el
at
iv
e 
d
ie
le
ct
ri
c 
co
n
st
an
t 
ɛ r
Ag Nano (wt%)
0
5
10
15
20
25
30
35
40
45
50
0 0.05 0.1 0.2 0.5
d
33
(p
C
/N
)
Ag-Nano (wt%)
increasing CIP pressure, as shown in figure 4(a), whilst the DC resistivity decreases. The application of a 
CIP pressure of 250 MPa for 2 minutes was found to lead to a 44% increase in the dielectric constant and 
a decrease of 52.8% in the DC resistivity. The reduction in resistivity can cause breakdown at high electric 
fields during the polarization process. To offset this, the poling temperature was reduced to 70oC for the 
samples pressurized at 250 MPa. Figure 4(b) shows the effect of increasing CIP pressure on the d33 values. 
The samples pressurized by 250 MPa demonstrate a 9% increase in d33 compared to the samples with 0.2 
wt% Ag but without CIP processing. Combined, the addition of the Ag nano particles and the use of CIP 
yields d33 of 49 pC/N on Kapton, an increase in the measured d33 of 9 pC/N compared to the original 
composite. All samples were poled at 75oC apart from the CIP pressure of 250 MPa, which was poled at 
70oC to ensure reliable poling.    
 
  
(a) (b) 
Figure 4 (a) Relative dielectric constant (at 20 Hz and 1 kHz) and DC resistivity of the samples with increasing CIP pressure 
and processing time of 2 mins and (b) d33 values of the samples processed at different CIP pressures. 
 
Table 3 shows a summary of improvements in the dielectric, piezoelectric and resistive properties of 
the composite by adding Ag nano-particles and applying the CIP process compared with the original 
formulation. The summary includes the piezoelectric properties for films printed on Kapton, polyester-
cotton (as an example of the woven-fabric substrate), and free-standing. The free-standing d33 value is 
calculated from the measured d33 value to determine the actual d33 if there was no substrate [19]. Table 4 
give other mechanical properties of the original piezoelectric composite film.  
 
Table 3: Summary of the improvement in the dielectric, piezoelectric and resistive properties 
 
Sample type   Kapton Polyester-cotton Free-standing 
ɛr  (at 
1 kHz) 
Rv 
(GΩ.m) 
d33                
(pC/N) 
g33    
(mV.m/N) 
d33                    
(pC/N) 
g33    
(mV.m/N) 
d33                    
(pC/N) 
g33    
(mV.m/N) 
Original 146 12.5 40 30.9 70 54.2 80 62 
Original + CIP 
(250 MPa) 
211    7.1          45   24 
 
76.6                    41 
 
90              48.2  
0.2 wt% Ag 171  11.7       43.5     28.7 
 
76                  50.2  
 
87.5                   57.8  
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83                            35.8  
  
 
98                     42.2  
 
  
Table 4: Mechanical properties of the piezoelectric film 
 
Parameter Value 
Yp (MPa) 131 
υp  0.4 
s11 (m2/N) 7.63×10
-9 
s12 (m2/N) -3.05×10
-9 
s13 (m2/N) -3.05×10
-9 
 
 
4.3 Energy harvesting from textiles from compressive force 
In wearable energy harvesting application the most commonly used source of kinetic energy is from the 
compressive force generated by the heel strike during the gait cycle. This force was replicated and applied 
to the piezoelectric composite films printed on the different substrates using the compressive force profile 
shown in figure 5. This equates to an 81.5kg individual with a heel strike every second. The force was 
applied using an Instron ElectroPuls E1000 dynamic and fatigue testing system. The output voltages from 
the samples were recorded using a digital oscilloscope (TDS2014, Tekronix Ltd). 
 
Figure 5: Applied compressive force profile. 
 
(a) Effects of Ag nano-particles and CIP processing on the energy output in compression 
The outputs of the both the original and improved piezoelectric composite materials have been 
evaluated. The peak output voltage (Vpeak), peak power density (Pd) and energy density (Ed) were first 
obtained by applying compressive forces to polyester-cotton substrate samples. These values were 
measured at varying external resistive loads in the range of 1 ≤ RL ≤ 80 MΩ. Figure 6 shows that for both 
the original and 0.2 wt% Ag + CIP piezoelectric material, the peak voltage increases with increasing 
resistive load. The 0.2 wt% Ag + CIP material has lower peak voltage than the original. As the peak power 
density was calculated from the peak voltage using equation 20, the 0.2 wt% Ag + CIP material also shows 
lower power density with a maximum Pd of 160 W/m
3 at optimum resistive load of 40 MΩ. The original 
material gives a maximum Pd of 434 W/m
3 at optimum resistive load of 10 MΩ. The lower peak voltage 
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of the 0.2 wt% Ag + CIP piezoelectric material is due to its lower g33, which is caused by the increased 
dielectric constant, as shown in Figures 3 and 4.   
Pd =
Vpeak
2
RL
Vf 
(20) 
 
Figure 6: Output peak voltage and power density of the original and 0.2 wt% Ag + CIP materials on polyester-cotton under 
compression. 
 
Figure 7 shows the variation in energy densities of the original and 0.2 wt% Ag + CIP composite 
materials with increasing the external resistive load. The energy density is calculated using the equation 
21, where t1 and t2 represent the beginning and end time of the pulse generated by compressing the sample. 
The maximum energy density of the 0.2 wt% Ag + CIP composite is 24 J/m3 at an optimum resistive load 
of 50 MΩ, and for the original composite is 12 J/m3 at 20 MΩ. The increase in Ep is due to the increase 
of d33 in the improved composite materials and the longer duration of the pulse (t2 – t1) compared with the 
original material (see inset in figure 8). As shown in Table 3, d33 increases with increasing ɛr, leading to 
an overall increase in output energy. 
 
𝐸 = 𝑉𝑓 ∫
𝑉(𝑡)2
𝑅
𝑡2
𝑡1
. 𝑑𝑡     (21) 
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Figure 7: Energy density of samples on polyester-cotton of the original and 0.2 wt% Ag + CIP composites under 800 N 
compressive force. The inset shows the generated pulses at 40 MΩ.  
 
Figure 8 shows the open-circuit voltage VPoc and short-circuit current IPsc of the 0.2 wt% Ag + CIP 
composite under 800 N of compressive force. The maximum values are 19 V and 0.54 µA respectively. 
These outputs compare favorably with other composite piezoelectric materials reported in the literature 
[24, 25]. 
 
Figure 8: Open-circuit voltage Voc and short-circuit current Isc of the 0.2 wt% Ag + CIP composite on polyester-cotton under 
800 N compressive force. 
 
 
4.4 Effect of substrate on energy harvesting under compressive force 
The influence of the different flexible substrates on the energy output from the 0.2 wt% Ag + CIP 
composite has been calculated using Equation 15 and obtained experimentally. Figure 9(a) shows the 
calculated and measured open-circuit voltages from 800 N compressive force for the Kapton, cotton, 
polyester-cotton and Kermel substrates. The substrates are placed in order of compliance from least 
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(Kapton) to most (Kermel) as detailed in tables 1 and 2. The experimental and calculated results both 
show that the open-circuit output voltage increases with increasing compliance of the substrates.  
Figure 9(b) shows the energy densities of the 0.2 wt% Ag + CIP composite printed on the three woven-
fabric substrates with varying external resistive loads. The results show that the maximum energy densities 
achieve peak values of 14, 22 and 34 J/m3 at resistive load of 30, 50 and 50 MΩ for cotton, polyester-
cotton and Kermel respectively. This result is related to the compliance of the substrate with the least 
compliant (cotton) demonstrating the lowest energy density and Kermel, which is most compliant 
substrate, producing the highest energy. 
 
 
 
 
(a) (b) 
Figure 9 (a) Experimental and modelled open-circuit voltages of the of the 0.2 wt% Ag + CIP composite on different 
substrates when applying a compression force of 800 N and (b) energy densities of the 0.2 wt% Ag + CIP composite printed 
on cotton, polyester-cotton and Kermel substrates under 800 N of compressive force, with varying external resistive loads. 
 
The difference in the output energy of the composite on cotton, polyester-cotton and Kermel substrates 
is due to the variation in the mechanical boundary conditions of the printed film. This is identical to the 
clamping effect of the substrate during the direct measurement of the d33 values of the films. The substrate 
clamps the film on its bottom surface and therefore the lateral movement of the films during loading is 
affected by the strain in the substrate. The compressive force in the 3-direction (through the film thickness) 
produces a lateral strain (S) in the 1-2 plane due to the Poisson’s ratio. Due to the difference in the 
Poisson’s ratio, the expansion of the film and substrate will be different and the substrate will strain the 
film in the 1-2 direction introducing a d31 component to the charge generated by the film. Since the d31 
coefficient is of the opposite sign to the d33 coefficient, the charge generated is of the opposite sign and 
this reduces the net charge generated. The magnitude of the d31 charge component is determined by the 
compliance of the substrate with more compliant materials transferring less strain to the piezoelectric film. 
Therefore the lower the compliance of the fabric then the greater the net charge generated from the 
compressive force. 
 
4.5 Energy harvesting from textiles from bending 
The samples were subjected to bending force applied at a frequency of 1 Hz using the rig shown in 
figure 10(a). The bending force was applied at one end of the sample with the other end fixed, as shown 
in the schematic in figure 10(b), which replicates the testing procedure used in other works [26]. 
 
0
5
10
15
20
25
 Kapton  Cotton  Polyester cotton  Kermel
V
o
c 
(V
)
Actual
Modeled
0
5
10
15
20
25
30
35
40
0 20 40 60 80 100
En
er
gy
 d
en
si
ty
 E
p
  (
J/
m
3 )
Resistive load (MΩ)
Cotton
Polyester-cotton
Kermel
  
(a) (b) 
Figure 10: (a) The bending test rig and (b) schematic showing bending force applied to the test sample 
 
(a) Effects of Ag nano-particles and CIP processing on the energy output in bending 
Similar to the results from compression test, the peak voltage and power density of the 0.2 wt% Ag + 
CIP composite are lower than the original, as shown in Figure 11. This is again due to the lower g33 and 
higher d33 of the 0.2 wt% Ag + CIP material.  
 
 
Figure 11:  Output peak voltage and power density of the original and 0.2 wt% Ag + CIP composites under the same bending 
force. Polyester-cotton was used as substrate for both samples.  
 
The 0.2 wt% Ag + CIP composite produced a maximum VPoc of 17 V and maximum IPsc of 0.34 µA, 
as shown in Figure 12. These values are higher than those previously reported [26].  
 
Figure 12: Open-circuit voltage Voc and short-circuit current Isc when applying bending force at 1 Hz on the 0.2 wt% Ag + 
CIP composite 
 
Similar to the results of the compression test in figure 7, the 0.2 wt% Ag + CIP composite shows 
higher energy densities than the original material, as shown in figure 13. The processed sample shows a 
peak energy density of 12 J/m3 at 50 MΩ, and the sample without processing shows peak energy density 
of 11 J/m3 at 70 MΩ. This is due to the higher d33 of the processed film. 
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 Figure 13: Energy density of samples on polyester-cotton of the original and 0.2 wt% Ag + CIP composites during bending. 
The inset shows the generated pulses at 50 MΩ. 
 
(b) Effects of substrate on the energy output 
Similar to the compression test, the output of the composite is also affected by the type of woven-
fabric substrate in the bending test. However, when in compression the output is mainly affected by the 
mechanical boundary conditions of the substrates but the situation is more complex for the bending case. 
From the model presented previously, the radius of curvature, bending rigidity and the neutral axis of the 
system also affect the bending case. The voltage output calculated using Stoney’s model and the model 
presented in this paper based on classical beam theory (CBT) are compared with experimental results in 
figure 14(a). The CBT based model includes the effect of the substrate (i.e. the bending radius and neutral 
axis) and is therefore more accurate than Stoney’s model. Figure 14(b) compares the energy densities of 
the piezoelectric films on different fabric substrates. For the cotton, polyester-cotton and Kermel 
substrates, their energy densities reach peak values of 14.3, 11.5 and 11.6 J/m3 at resistive loads of 70, 50 
and 80 MΩ, respectively. It shows that cotton, which is least compliant among the three substrates, 
produced the highest energy density because its increased stiffness couples more strain into the 
piezoelectric composite film. 
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Figure 14 (a) Experimental and modeled open-circuit voltages of the 0.2 wt% Ag + CIP composite film on different woven-
fabrics when applying a bending at 1 Hz and a radius of curvature of 0.6 cm and (b) energy densities of the 0.2 wt% Ag + 
CIP film printed on cotton, polyester-cotton and Kermel substrates when applying bending force at 1Hz, with varying 
external resistive loads. 
 
6. Conclusions 
This work investigates the energy harvesting performance of PZT-polymer composite materials 
printed on woven-fabric substrates. Clearly the energy harvesting performance is fundamentally linked to 
the piezoelectric properties of the printed film. Diluting piezoceramic powder by placing it in a polymer 
matrix will reduce the level of piezoelectric activity compared to bulk piezoceramic materials, but 
measures such as the addition of Ag nano-particles and applying cold isostatic pressing has improved 
performance. These measures have resulted in a 18% increase in the free-standing piezoelectric charge 
coefficient d33 of the printed composite. The evaluation of the energy harvesting performance of the 
improved piezoelectric composite printed on woven substrates has resulted in an increase in energy 
density of 200% and 10% in compression and bending respectively. The increased dielectric constant has 
led to a decrease in the piezoelectric voltage coefficient g33, thus lowering the peak output voltage.  
The comparison between the different woven substrates shows that the energy output from the printed 
piezoelectric composite is affected by the mechanical properties of the woven fabric. When placed in 
compression, the highest energy output was obtained on the fabric with the smallest Young’s modulus, 
i.e. the most compliant. On the other hand, when flexed or bent, the highest energy output was obtained 
from the fabric with highest Young’s modulus. The models presented in this paper to describe the energy 
output of the piezoelectric composite in compression and bending show good agreement with the 
experimental results and are useful tools for predicting the output from such materials in these applications.  
 , the energy density results equate to 38 J 
and 14.3 J of energy generated per mechanical action respectively. Piezoelectric harvesters are typically 
fabricated on stiffer substrates such a metal or silicon and therefore other piezoelectric harvesters of 
similar size would typically deliver more energy especially in bending. The compliance of the textile 
substrates, which is a fundamentally desirable property for the comfort of the wearer, does reduce the 
strain coupled to the piezoelectric film and hence the level of energy generated. Nonetheless, the energy 
generated is a potentially useful amount and may be useful for powering wearable electronics in the future 
as the levels of power consumption continue to fall. 
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